Abstract Most oral cancers are oral squamous cell carcinoma (OSCC). The anatomical features of OSCC have been histochemically evaluated with hematoxylin and eosin. However, the border between the cancer and stromal regions is unclear and large portions of the cancer and stromal regions are resected in surgery. To reduce the resected area and maintain oral function, a new method of diagnosis is needed. In this study, we tried to clearly distinguish the border on the basis of biomolecule distributions visualized by imaging mass spectrometry (IMS). In the IMS dataset, eleven signals were significantly different in intensity (p<0.01) between the cancer and stromal regions. Two signals at m/z 770.5 and m/z 846.6 were distributed in each region, and a clear border was revealed. Tandem mass spectrometric (MS/MS) analysis identified these signals as phosphatidylcholine (PC) (16:0/16:1) at m/z 770.5 in the cancer region and PC (18:1/20:4) at m/z 846.6 in the stromal region. Moreover, the distribution of PC species containing arachidonic acid in the stromal region suggests that lymphocytes accumulated in response to the inflammation caused by cancer invasion. In conclusion, the cancer and stromal regions of OSCCs were clearly distinguished by use of these PC species and IMS analysis, and this molecular identification can provide important information to elucidate the mechanism of cancer invasion.
Introduction
Most cases of head and neck cancer are oral cancers of the tongue, floor of the mouth, gingiva, or salivary glands. Oral cancers are histologically classified as squamous cell carcinomas (SCCs), adenoid cystic carcinoma, or mucoepidermoid. Oral SCCs (OSCCs) account for more than 80 % of all head and neck cancers and are fatal without surgical resection. The extent of cancer is evaluated by a combination invasive biopsies and differentiation on the basis of several criteria, for example the Jakobsson classification [1] , the Anneroth classification [2] , and the Yamamoto-Kohama classification [3] . Moreover, the surgeon's experience determines the margin area resected in the stromal region. The stromal region includes the connective tissue area around the cancer lesion, unlike normal tissue. It is known that lymphocyte immune cells are found in the stromal region. The resected tissue is histochemically analyzed and the completeness of resection is judged. However, there is a dangerous possibility of cancer cells remaining because it is very difficult to resect all the cancer in the narrow oral space. If cancer cells remain in the oral region after surgery, infiltration and metastasis will again result in a serious problem. In general, in cancer tissue intercellular adhesion is weakened, and the motor ability of the cancer cells is enhanced. The cancer cells invade the basal membrane and the membrane disintegrates. The cancer cells are carried in the interstitial connective tissue and metastasize through blood vessels toward other organs. Indeed, the remaining cancer cells induce recrudescence [4] . Finally, OSCCs result in death as a result of infiltration and metastasis. Thus, all cancer cells should be completely resected with a sufficient margin. On the other hand, the margin often prevents the maintenance of oral function. Therefore, criteria for precise surgical resection are needed.
In previous studies, immunological analysis has been applied to OSCC. Cancer growth factors, for example PCNA [5] and Ki-67 [6] , have been immunohistologically evaluated to elucidate the extent of tumor invasion in comparison with conventional classification of OSCCs. These proteins have been determined to be biomarkers because of their correlation with the classification. However, these proteins are distributed in normal cells, and it is difficult to determine the minimum margin to be resected in surgery by using the distribution of PCNA and Ki-67. Lipids are also important biological materials, with proteins, nucleic acids, and sugars. Lipids are involved in cell proliferation [7] and differentiation, metabolism control, immunity, and inflammation [8] . The location and metabolism of lipids are believed to be related to the growth of cancer, the invasion of cancer, and the mechanism of metastasis [9, 10] . Brasitus et al. analyzed lipid extract from cells and tissues by thin-layer chromatography and gas chromatography and revealed changes of lipid composition which depended on the development of colon cancer [11] . However, the lipid extract is not suitable for determining the border between the cancer and stromal regions, and thus an imaging technique is needed.
Imaging mass spectrometry (IMS) enables us to visualize the distribution of many biomolecules, without any labeling, in a single analysis, and to identify the biomolecules on a tissue section [12] . The technique is usually applied in the form of secondary mass spectrometry (SIMS) and matrix-assisted laser-desorption ionization (MALDI). SIMS has good resolution for imaging and the resolution is <1 μm. However, the analytes are limited to biomolecules with low molecular weight because those of high molecular weight are fragmented. In contrast, MALDI [13] can ionize biomolecules of high molecular weight, for example proteins [14] , lipids [15, 16] , nucleic acids [17] , and sugars [18] , on a tissue section. IMS using MALDI-time-of-flight (TOF) is especially useful for lipid analysis [19, 20] because the technique can separately visualize even the differences between the fatty acid components of lipids [16, 20] .
The technique has been applied to several pathology samples, including cancerous tissue, and has revealed the altered phospholipid composition in the diseased region compared with the normal region [21] . Shimma et al. used IMS to examine tissue sections from colon cancer liver metastasis and found a cancer-specific increase of sphingomyelin (SM) [22] . Ishikawa et al. found that phosphatidylcholine (PC), oleic acid, and SM were increased in the region of thyroid cancer, and proposed that these distributional differences were related to the biological behavior of cancer, for example invasion and metastasis [23] . Thus, IMS is a useful technique for finding and identifying specific molecules (especially lipids) in such pathology samples as cancer tissues. However, there has been no report of comparison of the signals in the cancer and stromal regions by use of IMS.
In this study, we attempted to find phospholipids specifically distributed in the cancer or stroma of OSCC tissue. Two consecutive tissue sections including cancer and stroma were prepared from OSCC tissue; one section was then analyzed by IMS and the other was stained with hematoxylin and eosin (HE). The mass range in IMS analysis was focused on phospholipids, and specific peaks in each cancer region and stromal region were analyzed by statistical analysis, by use of computer software. Molecules distributed differently between the cancer and stromal regions were visualized, and we determined whether each region was clearly distinguished. To identify these molecules, we conducted tandem mass spectrometric (MS/MS) analysis.
Materials and methods

Clinical samples
Gingival OSCC biopsy tissue blocks were obtained from five patients before surgery, in accordance with protocols approved by the Hamamatsu University School of Medicine. None of the patients had received radiation, chemotherapy, or immunotherapy treatment. Pathological examination was used to confirm these portions of tumor and the histology of invasive SCC. After they were obtained, the tissues blocks were immediately frozen in liquid nitrogen and stored at −80°C to maintain tissue morphology and minimize molecular degradation until MALDI-IMS analysis.
Chemicals
Methanol, potassium acetate, and ultra-pure water were purchased from Wako Chemicals (Osaka, Japan). 2,5-Dihydroxybenzoic acid (DHB) was purchased from Bruker Daltonics (Bremen, Germany). Standard peptides for calibration of the TOF analyzer were purchased from SigmaAldrich (St Louis, MO, USA). All of the chemicals used in this study were of the highest purity available.
Imaging mass spectrometry (IMS)
Tissue section preparation Tissues blocks were sectioned at −20°C, by use of a cryostat (CM 1950; Leica, Wetzler, Germany), to a thickness of 8 μm in the direction of the long axis, as described elsewhere [24, 25] . To prevent degradation of mass spectra in IMS analysis, OSCC blocks were not embedded in OCT polymer during this procedure [25] . The frozen sections were thaw-mounted on indium-tin oxide (ITO)-coated glass slides (Bruker Daltonics) and stored at −20°C until used for IMS analysis.
Spray coating of the matrix solution
A DHB solution (50 mg mL −1 DHB and 10 mmol L −1 potassium acetate in 70 % methanol, 1 mL) was used as the matrix [26] . 
IMS data analysis
The regions of interest (ROIs) in the cancer and stromal regions were defined by reference to the HE staining in adjacent sections. The IMS data format of the flexImaging 2.1 software was converted into Analyze 7.5 file format to statistically analyze the IMS data by use of SIMtool software (in-house software; Shimadzu, Kyoto, Japan). With the exception of isotope peaks, all peaks were picked up from ROIs that were defined as "cancer region" or "stromal region", and these distributions were visualized on a tissue section. These signal intensities between the cancer and stromal regions were statistically assessed by use of Welch's t-test, and p-values <0.01 were regarded as significant. Finally, the peaks with significant differences were applied to four other datasets and visualized as ion images.
MS/MS analysis
Because multiple fatty acid isobars are possible, the MS/MS analysis was performed on tissue sections in the positive-ion mode by use of the QSTAR Elite System (Applied Biosystems/MDS Sciex, Foster City, CA, USA), a hybrid quadrupole-TOF mass spectrometer equipped with an orthogonal MALDI source and a pulsed Nd:YAG laser. The laser energy and collision energy were optimized to maximize the sensitivity of signal detection in the MS/MS analysis. Biomolecules were identified by referring to the results of a Metabolite MS Search (http://www.hmdb.ca/spectra/ms/search)
Results
HE staining of OSCC specimens from case 1
Frozen specimens of OSCC were obtained from gingiva on which no preoperative therapy had been performed. To analyze the morphological features in detail, we used HE staining. The HE-stained section from case 1 is shown in Fig. 1. In Fig. 1a , the epidermal layer is on the upper side and the lamina propria is on the bottom. The cancer was found on the left side, and the histopathological diagnosis of this OSCC was welldifferentiated. An enlarged view of the typical cancer region is shown in Fig. 1b . Here, the cancer nests (i.e., clusters of carcinoma cells) are remarkable. Invasion of the cancer from an epidermal layer to the lamina propria can be observed. Cancer cells were observed in connective tissue areas around the cancer nests and were referred to as the "cancer stroma". An enlarged view of a cancer-free stromal region is shown in Fig. 1c (the right side in Fig. 1a) . The stromal region includes the connective tissue area around the cancer lesion, unlike normal tissue. Lymphocyte immune cells accumulated in the stromal regions of OSCC tissue from case 1. By use of HE staining the cancer and stromal regions were almost distinguished. However, a more precise border was needed to reduce the resection area. Therefore, we next applied the IMS technique to an adjacent tissue section.
Comparison of the mass spectra in each region and ion images from case 1
After acquiring the IMS dataset, the average mass spectra from each region were created in the mass range m/z 400-1,200 (inset in Fig. 2a, b) . 
m/z
Eleven molecules were significantly different (p<0.01) between the cancer and stromal regions. The shaded signal intensities were significantly higher than their counterparts in the cancer or stromal region peaks, the top 80 peaks were acquired in the mass range m/z 400-1,200 by use of SIMtool software. In the m/z ranges 400-700 and 850-1,200, small differences in signal intensity were observed for 65 peaks in each region. In contrast, differences in signal intensity were observed for 15 Statistical analysis between cancer and stromal regions from case 1
To clarify significant differences between the cancer and stromal regions from case 1, we used the Welch's t-test for the 15 peaks in the mass range m/z 700-850. As shown in Table 1, 11 peaks were significantly different (p<0.01) between the regions; average signal intensity, standard error, and p-value for each m/z value are shown. Six molecules in particular, i.e., those associated with the signals m/z 720.1, 770.5, 794.5, 804.5, 820.5, and 846.6, were of significantly different intensity in the cancer and stromal regions; these are shown by using averaged signal intensities as a bar graph in Fig. 4 . The signals at m/z 720.1, 770.5, and 794.5 increased in the cancer region. The signals at m/z 804.5, 820.5, and 846.6 increased in stromal region.
Distributions of cancer region-positive and stromal region-positive signals from cases 1-5
We performed IMS analysis on more four cases, cases 2-5, which were well-differentiated and for which accumulation of lymphocytes was observed, much as in case 1, and used the six m/z values that were significantly different between the cancer and stromal regions in case 1. These signals are visualized as ion images in Fig. 5 . The ion images reconstructed by use of signals at m/z 720.1, 770.5, and 794.5 were cancer region-positive. In contrast, the ion images reconstructed by use of the signals at m/z 804.5, 820.5, and 846.6 were stromal region-positive. The merged images of m/z 770.5 and 846.6 revealed the distribution of the cancer and stromal regions with no overlap and the borders are more clearly visualized than those of the HE-stained section. The p-value for m/z 820.5 was better than that for m/z 846.6, as shown in Table 1 . However, the ion distribution was limited to a part (Fig. 6a) [27, 28] . Moreover, the signal at m/z 455. (Fig. 6b) [27, 28] .
Discussion
This study is the first IMS analysis performed on OSCC tissue, and the first study to compare signals in the cancer and stromal regions. IMS has also been applied to other cancer samples. Morita et al. reported that histone H4 (m/z 1,325.6) was found specifically in undifferentiated gastric cancer tissue, after they compared normal tissue and gastric cancer tissues with different degrees of differentiation by IMS [29] . Shimma et al. also reported that SM (d18:1/16:0) at m/z 725.4 was specifically distributed in a cancer region by comparing the mass spectrum obtained from colon cancer liver metastasis tissue [22] . Thus, IMS has been proved useful for identification of specific molecules, for example peptides and phospholipids, in cancer regions. In the classification of OSCCs, the criteria for cancer resection in surgery must be modified and reduction of the resection area is needed because resection of a large area sometimes results in a loss of oral function. However, a diagnosis made using HE staining of biopsy tissue does not clearly distinguish between the cancer and stromal region (Fig. 1) . Therefore, there has been a need to identify the biomolecules to determine the border between the cancer and stromal regions. Phospholipids can be analyzed by IMS without complex treatment. This technique could simplify diagnosis and distinguish the regions by use of two phospholipids. All IMS and MS/MS experiments were performed using optimized settings, and the reproducibility of the data was evaluated by use of mass spectra acquired from adjacent sections. The IMS analyses revealed statistically significant differences in intensity (p<0.01) for 11 peaks (Table 1 ) and the ion images characterized the stromal region or cancer region. Two signals at m/z 741 and m/z 798 were detected in cancer regions in other research by Shimma [22] and Ishikawa [23] . According to the ion image at m/z 741.5 in the study by Ishikawa et al., the distribution was a little different from that of other cancer-positive signals, for example m/z 796.5 and m/z 798.5. They mentioned that the signal at m/z 741.5 was more intense in both the cancer region and the stromal region. The signal at m/z 725.4 was also identified as SM (d18:1/16:0) with a different ion-adduct form. The ion image in the study by Shimma et al. also revealed greater intensity in the stromal region than in the cancer region. These results are identical with ours (Fig. 3) . Even if a signal is evaluated as significantly different, signal which are extremely different should be used to distinguish the border between the cancer and stromal regions. Therefore, the signals at m/z 720.1, m/z 770.5, and m/z 794.5 for the cancer region and m/z 804.5, m/z 820.5, and m/z 846.6 for the stromal region were applied to all IMS datasets in this study (Fig. 5) . These signals had good p-values in the statistical analysis (Table 1 and Fig. 4) . The merged ion images of m/z 770.5 and m/z 846.6 revealed a clear border between the cancer and stromal regions without any of the overlap observed in the HE staining. In the near future, there is a possibility that these signals could be used as a diagnostic method to determine the resection area before surgery.
In this study, we successfully identified the signals at m/z 770.5 and m/z 846.6 as two PC species, i.e., PC (diacyl-16:0/16:1) in the cancer region and PC (diacyl-18:1/20:4) in the stromal region, from OSCC tissue sections (Fig. 6) . reported that the saturated fatty acids palmitic acid (C16:0) and stearic acid (C18:0) and the unsaturated fatty acid linoleic acid (C18:2) were increased in the serum of patients with breast cancer, and they proposed these fatty acids as new biomarkers of breast cancer [30] . Such an increase of fatty acids might reflect the synthesis of PC species including 16:0, 18:0, and 18:2. In fact, our results demonstrated that PC (diacyl-16:0/16:1) was increased in the cancer region of OSCCs.
In the HE-stained OSCC tissue section, many of the lymphocyte cells in the stromal region clearly had nuclei with different shapes compared with other cell types (Fig. 1c) . It is well-known that lymphocyte cells accumulate in regions of inflammation [31] , and histochemical analysis has revealed accumulation of immune lymphocytes in the stromal region of cervical cancer [32] . Hanada [27, 34] , respectively. Thus, three kinds of AA-PCs were increased in the stromal region, and there is a possibility that AA is important in tumor invasion in the stromal region.
AA is a precursor of prostaglandin (PG) and is converted by cyclooxygenase (COX) in the AA cascade. COX-1 is involved in the maintenance of homeostasis and in the constant supply of prostaglandin E2 (PGE2) [35] . COX-2 and the de-novo synthesis of the enzyme microsomal prostaglandin E synthase-1 (mPGES-1) are induced against the growth of tumor tissue, and this process also causes an increase of PGE2. PGE2 produced by COX-2 activation in the AA cascade in a stromal region is important in oncogenesis, initial tumorigenesis, and cancer cell differentiation in various histologic types, including OSCC [35] [36] [37] . Therefore, AAPCs identified as PC (diacyl-18:1/20:4) in a stromal region could be a source of lipid mediators of inflammation against cancer invasion.
In this study, we showed that PC (diacyl-16:0/16:1) was distributed in the cancer region. Such distributions in cancer regions have been reported by other researchers using IMS. Morita et al. reported the distribution of PC (diacyl-16:0/16:1) in hepatocellular carcinoma (HCC) [38] . Ide et al. revealed the distribution of PC (diacyl-32:1) in breast cancers but did not identify the fatty acid composition [39] . We speculate that the fatty acid composition could be diacyl-l6:0/16:1. Thus, according to results from OSCC, HCC, and breast cancer, PC species containing 16:0 are commonly distributed in the cancer region. On the other hand, Ishikawa et al. could not detect the signal at m/z 770.5 corresponding to PC (diacyl-16:0/16:1) in thyroid papillary cancers [23] . Therefore, each cancer should be carefully analyzed because of the different fatty acid components of PC species in the cancer region. Moreover, investigation of fatty acid synthesis by a fatty acid synthase and PC synthesis by lysophosphatidylcholine acyltransferase could elucidate the mechanism of proliferation, migration, and invasion in the cancer and stromal regions.
Conclusion
IMS analysis of OSCC tissue sections from one patient revealed eleven signals of significantly different intensities in the cancer and stromal regions. Two signals were specifically distributed in the cancer or stromal regions of the tissue sections from five patients. Therefore these signals, which were identified as those of PC (16:0/16:1) and PC (18:1/20:4) in the MS/MS analyses, could be used to distinguish the border between the cancer and stromal regions in OSCC.
